Cancer cells exhibit multiple epigenetic changes with prominent local DNA hypermethylation and widespread hypomethylation affecting large chromosomal domains. Epigenome studies often disregard the study of repeat elements owing to technical complexity and their undefined role in genome regulation. We have developed NSUMA (Next-generation Sequencing of UnMethylated Alu), a cost-effective approach allowing the unambiguous interrogation of DNA methylation in more than 130,000 individual Alu elements, the most abundant retrotransposon in the human genome. DNA methylation profiles of Alu repeats have been analyzed in colon cancers and normal tissues using NSUMA and whole-genome bisulfite sequencing. Normal cells show a low proportion of unmethylated Alu (1%-4%) that may increase up to 10-fold in cancer cells. In normal cells, unmethylated Alu elements tend to locate in the vicinity of functionally rich regions and display epigenetic features consistent with a direct impact on genome regulation. In cancer cells, Alu repeats are more resistant to hypomethylation than other retroelements. Genome segmentation based on high/low rates of Alu hypomethylation allows the identification of genomic compartments with differential genetic, epigenetic, and transcriptomic features. Alu hypomethylated regions show low transcriptional activity, late DNA replication, and its extent is associated with higher chromosomal instability. Our analysis demonstrates that Alu retroelements contribute to define the epigenetic landscape of normal and cancer cells and provides a unique resource on the epigenetic dynamics of a principal, but largely unexplored, component of the primate genome.
Cancer cells exhibit multiple epigenetic changes with prominent local DNA hypermethylation and widespread hypomethylation affecting large chromosomal domains. Epigenome studies often disregard the study of repeat elements owing to technical complexity and their undefined role in genome regulation. We have developed NSUMA (Next-generation Sequencing of UnMethylated Alu), a cost-effective approach allowing the unambiguous interrogation of DNA methylation in more than 130,000 individual Alu elements, the most abundant retrotransposon in the human genome. DNA methylation profiles of Alu repeats have been analyzed in colon cancers and normal tissues using NSUMA and whole-genome bisulfite sequencing. Normal cells show a low proportion of unmethylated Alu (1%-4%) that may increase up to 10-fold in cancer cells. In normal cells, unmethylated Alu elements tend to locate in the vicinity of functionally rich regions and display epigenetic features consistent with a direct impact on genome regulation. In cancer cells, Alu repeats are more resistant to hypomethylation than other retroelements. Genome segmentation based on high/low rates of Alu hypomethylation allows the identification of genomic compartments with differential genetic, epigenetic, and transcriptomic features. Alu hypomethylated regions show low transcriptional activity, late DNA replication, and its extent is associated with higher chromosomal instability. Our analysis demonstrates that Alu retroelements contribute to define the epigenetic landscape of normal and cancer cells and provides a unique resource on the epigenetic dynamics of a principal, but largely unexplored, component of the primate genome.
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Cancer cells are characterized by the acquisition of new biological properties and the escape from repressive mechanisms. The reprogramming of regulatory circuits arises as a direct consequence of genetic and epigenetic changes. Similarly to genetic aberrations, that may affect a single gene (e.g., a point mutation) or large chromosomal regions (e.g., losses of heterozygosity), cancer cells show epigenetic alterations involving the misregulation of a single gene (e.g., expression silencing by hypermethylation of the promoter CpG island) (Esteller 2007; Jones 2012) or large chromosomal regions (i.e., long-range epigenetic silencing) Coolen et al. 2010; Forn et al. 2013) . Although local alterations are excellent pointers for the identification of candidate cancer genes, alterations affecting large chromosomal regions offer limited clues about both the mechanisms underlying the alteration and also the functional impact of the alteration on the disease. A clear example is global DNA hypomethylation in cancer. This is the first epigenetic alteration detected in cancer and probably the most common (Feinberg and Tycko 2004; Wilson et al. 2007; Esteller 2008; Ehrlich 2009; Jones 2012) .
DNA methylation mainly occurs in the cytosine of the CpG dinucleotide and is usually associated with chromatin repression. Silencing of repetitive elements, which account for up to 50% of the human genome (International Human Genome Sequencing Consortium 2001) , is usually attributed to their heavy methylation (Bird 2002; Goll and Bestor 2005; Bernstein et al. 2007; Suzuki and Bird 2008) . The mechanisms responsible for cancerrelated DNA hypomethylation are unknown, but multiple studies have unveiled its multiple consequences including gene deregulation, loss of chromatin organization, and genetic instability (Eden et al. 2003; Karpf and Matsui 2005; Rodriguez et al. 2006) .
It is commonly accepted that DNA hypomethylation mainly affects repeat elements, but very often this assertion is based on either bulk analyses or the extrapolation of the results obtained from the interrogation of a few surrogate markers. The use of highthroughput genomic technologies to study DNA methylation profiles in cancer cells has demonstrated that DNA hypomethylation preferentially affects large chromatin blocks exhibiting gene expression variability and definite chromatin features (Hansen et al. 2011; Berman et al. 2012; Hon et al. 2012; Timp et al. 2014) . Thus, hypomethylation appears to affect both repetitive and unique sequences within these blocks, but it is unknown whether the uneven distribution along the genome of different genetic elements, and especially repeats, determines the hypomethylation profile. Moreover, high resolution DNA methylation maps often have poor or even no coverage of repeat elements. This means that we do not have a precise picture of the epigenomic landscape of repeat elements, even when they are close to functional elements such as genes. Another important factor that underscores the need of characterizing the distribution of hypomethylation in repeats is their heterogeneous scattering along the genome. Short and long interspersed nucleotide elements (SINE and LINE, respectively) account for the two main classes of repeats in the human genome. Alu elements are the most abundant repeat, with more than 1 million copies per haploid genome and spanning ∼10% of the genome sequence (Cordaux and Batzer 2009) . Alu repeats tend to accumulate in gene-rich regions (International Human Genome Sequencing Consortium 2001; Chen et al. 2002; Grover et al. 2004) and harbor ∼25% of all CpG dinucleotides in the human genome (Luo et al. 2014; Buj et al. 2016) . On the other hand, LINEs, which are depleted in gene-rich regions and span 20% of the human genome, contain ∼12% of the methylated cytosines (Xie et al. 2009; Luo et al. 2014; Buj et al. 2016) .
To gain insights into the role of DNA hypomethylation in cancer cells, we have analyzed the DNA methylation profiles in colorectal cancers, paired normal tissues, and colon cancer cell lines. We have focused our analysis on Alu repeats due to their structural and functional features. To improve screening efficiency, we have developed and applied a new technique allowing the unambiguous detection and differential scoring of unmethylated Alu repeats and compared these results with whole-genome bisulfite sequencing (WGBS) data (Hansen et al. 2011) .
Results
Detection of unmethylated Alu repeats by NSUMA, technical overview, and coverage Whole-genome bisulfite sequencing (WGBS) is nowadays the gold standard in genome-scale DNA methylation studies but at a cost (Stirzaker et al. 2014) . Indeed, the performance of WGBS is poor when analyzing repeat sequences including Alu and other retrotransposons . To circumvent, at least in part, these limitations, we have developed the Next-generation Sequencing of UnMethylated Alu (NSUMA) method aimed to selectively enrich for DNA fragments composed by an unmethylated Alu repeat and a flanking nonrepetitive sequence, which allows an unambiguous mapping in the genome. NSUMA method uses genomic DNA digested with the methylation sensitive restriction endonuclease SmaI (cutting unmethylated CCCGGG sites) and the frequent cutter MseI (cutting TTAA). The SmaI site is present in the consensus sequence and a large subset of Alu repeats (Fig.  1A,B) . Specific adapters are ligated to the SmaI blunt ends and the MseI sticky ends. Further Alu enrichment is achieved by PCR with primers targeting the consensus Alu sequence and the MseI adapter ( Fig. 1A; Supplemental Fig. S1 ). The NSUMA virtual universe is integrated by 144,108 unique canonical amplicons (Supplemental Data 1), and a high proportion of them (94%) are generated from DNA fragments comprising an Alu repeat and an adjacent unique sequence ( Fig. 1B ; Supplemental Table S1 ). The remaining 6% of the NSUMA virtual universe includes amplicons mapping to other repeats, CpG islands, and other unique sequences (Fig. 1B) . Additionally, NSUMA generates noncanonical amplicons lacking the consensus SmaI site (Fig. 1A) , and as a consequence, their representativeness is unaffected by DNA methylation (Supplemental Table S2 ). Interestingly, the relative amplification of noncanonical amplicons may be used to determine copy number variation along the chromosome (Supplemental Methods), constituting an integrated alternative to comparative genomic hybridization (CGH) .
NSUMA data processing is summarized in Supplemental Figure S2 . The overall representativeness of the SmaI site as a surrogate reporter of the methylation of the entire genomic element was evaluated for Alu repeats (Supplemental Fig. S3 ) as previously shown for CpG islands (Barrera and Peinado 2012) . Alignment of reads to the human genome identified NSUMA amplicons generated from unmethylated SmaI sites (Supplemental Fig. S4) . Importantly, the number of reads mapping to a given amplicon is related to the degree of differential DNA methylation when two or more samples are compared (Supplemental Fig. S4B ). That is, hypomethylation will be shown as an increase in the number of reads of the specific amplicon; while hypermethylation will be shown as a decreased number of reads in the corresponding amplicon. Technical and biological replicates were performed to evaluate the reproducibility of the technique (Supplemental Fig. S5 ).
The relative distribution of NSUMA reads illustrates the overall degree of unmethylation of each type of genomic element ( Fig.  1C ; Supplemental Table S3 ). Thus, CpG islands covered by NSUMA are highly represented in all the samples (due to their preponderant unmethylated state); repeats are poorly represented in normal samples (in which repeats are heavily methylated), but better represented in tumors and especially in the DNA methyltransferase deficient DKO cell line, due to the overall hypomethylation (Supplemental Table S3 ).
To perform comparisons, the count of reads mapping to canonical amplicons were normalized by a factor resulting from the analysis of 150 amplicons located in unmethylated CpG islands (Supplemental Fig. S6 ; Supplemental Table S3 ). NSUMA achieved a specificity of 95% and sensitivity of 50% in the detection of unmethylated CpG islands (cutoff ≥5 normalized reads) when compared with whole-genome bisulfite sequencing (Lister et al. 2009 ) using a receiver operating characteristic (ROC) curve analysis (Supplemental Fig. S6 ). The distributions of amplicon representation in regard to GC content and size (Supplemental Methods) were very similar among samples (Supplemental Figs. S7-S9), indicating that potential PCR biases were very unlikely to have any effect on the assessment of differential methylation.
Rates of unmethylated Alu repeats in normal tissue and cancer samples
Three normal tumor-paired colon tissues as well as the corresponding DNA from whole blood were analyzed by NSUMA. In addition, three biological replicates (independent cell cultures) of the HCT116 cell line and three technical replicates of its DNA methylation deficient variant DKO (Rhee et al. 2002) were performed.
The global unmethylation of each one of the genomic elements considered was estimated by analysis of the relative distribution of normalized reads (nreads) compared with number of nreads in CpG islands, due to their prevalent unmethylation in all samples. Alu repeats displayed the lowest levels of unmethylation, especially in normal tissues (Fig. 1C) . A moderate increase in the overall demethylation of Alu repeats was observed in cancer samples and the HCT116 cell line, but other repeats, as LINEs and MIRs, exhibited much higher hypomethylation rates (Supplemental Fig. S10 ). This result suggests that Alu elements are deeply methylated and are more resistant to hypomethylation in tumor tissues than other genomic elements, including unique sequences ("Rest" group in Fig. 1C ; Supplemental  Fig. S10 ). As expected, the severe hypomethylated condition of DKO cells (Sandoval et al. 2011 ) was evidenced by high representation of all element types in NSUMA (Fig. 1C) , but once again, Alu repeats showed the lowest gain (Supplemental Fig. S10A ).
To estimate the number of unmethylated elements, a threshold of five or more nreads/amplicon was set based on the comparison of CpG islands analyzed by NSUMA and WGBS (Supplemental Fig. S6 ). Twenty-five percent of the Alu repeats analyzed by NSUMA were found unmethylated in at least one sample, excluding DKO cells, which showed an additional 39% of unmethylated Alu repeats (Supplemental Fig. S6 ; Supplemental Table S4 ). Strikingly, only 225 Alu repeats (<0.3% of informative elements) were found unmethylated in all samples. Eight thousand Alu repeats (6% of the NSUMA universe) appeared unmethylated in at least one normal tissue. The number of unmethylated Alu repeats was lower in blood (range 1.0%-1.6%) than in normal colon tissue (range 1.2%-5.0%) (Supplemental Fig. S10B ). This figure was trebled in tumor samples and the colon cancer cell line HCT116 (Supplemental Table S5 ; Supplemental Fig. S10C ).
WGBS data from a previous study of normal and colorectal cancers (Hansen et al. 2011 ) were used to investigate Alu and LINE repeat methylation. Only elements with a minimum of three informative CpGs for Alu and five for LINE (Supplemental Material and Methods) were considered for this analysis, rendering a total of 117,779 and 111,019 Alu and LINE repeats, respectively. The methylation of each element was calculated as the average fraction of methylation (usually referred to as beta value: 0 to 1, with 0 fully unmethylated, and 1 fully methylated) of all the informative CpGs within the element. Cancer cells showed two-to threefold increase in the proportion of unmethylated Alu repeats compared with normal colon (Supplemental Fig. S11 ), in line with the figures observed in NSUMA. LINEs Figure 1 . (A) Diagram illustrating the principle of Next-generation Sequencing of UnMethylated Alu repeats (NSUMA) technique. Genomic DNA is represented by a blue line, and the Alu repeat is represented by a gray box. DNA is digested with the restriction enzymes SmaI and MseI (impaired and insensitive to DNA methylation, respectively). The digested DNA fragments are ligated to two adapters with ends compatible with each one of the enzyme cuts. Primers complementary to the adapters are used to generate an amplified representation of the fragments. Amplicons generated from DNA fragments containing the SmaI adapter report unmethylated DNA and constitute the NSUMA canonical universe. Amplicons without the SmaI adapter (MseI-MseI) are also sequenced and used for the analysis of copy number variation. (B) Genetic element distribution according to the occupied fraction of the human genome, the content of SmaI sites, and their representation in the canonical NSUMA universe. (C) Relative unmethylation of different genetic elements in each one of the sample types analyzed by NSUMA in regard to the highly hypomethylated cell line DKO. CpG islands show the highest relative representation in all sample types as most of them are unmethylated, whereas Alu repeats show the lowest representation due to their heavy methylation. (D) Number of differentially methylated elements in the comparison between pairs of tissues (adjusted P-value <0.05 and |log2 FC| >1). Full data summary is reported in Supplemental Table S5 , and detailed MA plots are shown in Supplemental Figure S13 . exhibited a more pronounced hypomethylation than Alu repeats, especially in carcinomas. A direct comparison of WGBS and NSUMA was not possible as the samples analyzed were different. Moreover, the overlapping coverage of NSUMA and WGBS was very poor (n = 9969), which may be explained by the different constraints imposed by each approach. Besides these limitations, Alu repeats scored by WGBS and NSUMA showed highly concordant DNA methylation states in both normal and tumor samples (Supplemental Fig. S12A ). In addition, ROC curve analysis of the NSUMA data using the WGBS data as the gold standard offered a specificity of 94% and a sensitivity of 63% (Supplemental Fig.  S12B ) when using the same cutoff value previously evaluated for CpG islands (see above).
In summary, Alu repeats appeared as the least unmethylated repeat class, which is suggestive of a stronger pressure to maintain these elements methylated in both normal and malignant cells, and even in DKO cells exhibiting a constitutional deficiency in DNMTs.
Differential DNA methylation of Alu repeats
To compare NSUMA profiles among different samples, the Alu differential methylation ratio (Alu DMR) was calculated as the log 2 of the ratio of the normalized reads (nreads) of the two samples. The Alu DMR represents hypermethylation when positive and hypomethylation when negative. Blood and normal colon Alu DMR profiles were very similar in the three patients (Supplemental Fig.  S13A ). Statistical analysis using the DESeq R package (Anders and Huber 2010) indicated than only 0.5% of Alu repeats displayed differential methylation between these two normal cell types ( Fig. 1D ; Supplemental Table S5 ; Supplemental Fig. S13B ). Interestingly, LINEs and other repeats, as well as nonrepetitive sequences, showed a higher rate of differences (∼5% of informative elements) with a clear prevalence of hypomethylation in normal colon in regard to blood DNA (Supplemental Table S5 ).
Indeed, colon tumors exhibited a high number of hypomethylated sites with almost no hypermethylated sites ( Fig. 1D ; Supplemental Fig. S13 ). More than 3000 Alu repeats were recurrently hypomethylated in the three tumors analyzed, and about 6,500 were hypomethylated in a least one of the tumors as compared with the paired normal colon mucosa (Supplemental Table  S5 ; Supplemental Data 2). Noteworthily, only 3% of Alu sequences were hypomethylated in tumors, which contrasts with the higher hypomethylation rates observed in LINEs (8%) and MIRs (11%). With the exception of CpG islands, which showed a very low but similar number of hypermethylated and hypomethylated sites, the remaining amplicons located in unique sequences also showed a clear predominance of hypomethylation (6% of the amplicons) ( Fig. 1D ; Supplemental Table S5 ).
HCT116 exhibited a high number of hypomethylated Alu repeats (8.7% of informative Alu repeats), but also a high number of hypermethylated sites that affected nearly 12% of the CpG islands and ∼10% of Alu elements (Supplemental Table S5 ). Exceptionally, DKO displayed extensive demethylation in all types of genomic elements, affecting 65% of the virtual NSUMA coverage ( Fig. 1D ; Supplemental Figs. S10, S13B). It should be noted that this is probably an underestimation, as the large number of competing amplicons in this cell line is likely to saturate the overall display, precluding a comparable coverage with the rest of the samples. Moreover, the massive demethylation of DKO cells affects the normalization because stably unmethylated CpG islands used as reference (Supplemental Methods) are underrepresented due to signal saturation, which might explain the apparent hypermethylation of some Alu repeats in DKO.
WGBS analysis also illustrated important differences in the hypomethylation of Alu and other repeats in colon cancer (Supplemental Fig. S11A ; Supplemental Data 3). In this case, Alu differential methylation (Alu DM) was calculated as the delta of normal-tumor mean beta value within each element. Despite the poor overlap of NSUMA and WGBS, the genomic profiles were similar (Supplemental Fig. S14B ). Differential methylation analysis by WGBS in Alu and LINE repeats showed global hypomethylation, although it was more severe in LINEs (Supplemental Fig. S14C ). Stratification of elements by the methylation level in normal tissue showed that lowly methylated elements were more resistant to hypomethylation in the tumor (Supplemental Fig. S14D ).
Despite that samples analyzed by NSUMA and WGBS were not the same, the differential methylation of the 9969 Alu repeats informative in both studies were comparable (Supplemental Fig. S15A ). The differential methylation of a subset of Alu repeats was also confirmed by direct bisulfite sequencing of the same samples and additional normal-tumor pairs and cell lines reinforcing the recurrent nature of their hypomethylation (Supplemental Fig. S15B ).
Unmethylated Alu signatures are characteristic of the tissue type
Principal component analysis (PCA) and cluster analysis of the unmethylated Alu repeats revealed specific signatures of each cell type (blood, normal colon, and tumor cells) (Supplemental Fig.  S16 ). Analysis of the remaining genomic elements also classified the samples according to tissue type, except for CpG islands, which grouped samples originating from the same individual rather than by tissue type (Supplemental Fig. S16 ). As a whole, these data indicate that tissue specific DNA methylation signatures are present in multiple types of sequences, including repeat elements. Differences among individuals were also observed, but larger data sets are needed to confirm the extent and structure of epigenetic diversity.
Structural and functional features of hypomethylated Alu repeats
The features of Alu repeats and the flanking regions were examined for insights into the determinants of hypomethylation in the different types of samples. The NSUMA virtual universe was used as a reference population to analyze feature enrichment to avoid representation biases introduced by the screening methods ( Fig. 1D ; Supplemental Table S1 ).
Regarding Alu families, AluY were very well represented in the NSUMA virtual universe ( Fig. 1B ; Supplemental Table S1 ) and showed a high resistance to hypomethylation in tumors, whereas the older AluJ family were the most sensitive (Supplemental Fig.  S17 ; Supplemental Table S6 ). WGBS, with a more balanced representation of all Alu families, showed the same trends as NSUMA, with more frequent hypomethylation in AluJ than AluY (Supplemental Fig. S17 ; Supplemental Table S6) .
Alu elements were classified into different compartments or subsets based on NSUMA coverage and differential representation (Supplemental Methods). The subset of Alu repeats unmethylated in all tissues (UNM All) showed the most striking features: high G +C and CpG content and a lower similarity score (Smith and Waterman 1981) , and exceptionally unbalanced CpG content of the flanking regions (one flank rich in CpGs and the other poor) ( Fig. 2A; Supplemental Fig. S18 ; Supplemental Table S7 ). This result suggests that Alu repeats unmethylated in all tissues (but not the ones differentially methylated) tend to locate at the boundaries of genomic regions with different genetic structure. On the contrary, Alu repeats selectively hypomethylated in tumors contained fewer CpGs and were embedded in regions poor in CpG content when compared with Alu repeats with stable methylation in the tumor ( Fig. 2A ; Supplemental Table S7 ). Another striking feature of Alu repeats unmethylated in all tissues was their proximity to transcription start sites (TSS) and CpG islands (Fig. 2B ). This trend, although less prominent, was also observed in Alu repeats unmethylated in normal colon, but not in blood. Once again, Alu repeats hypomethylated in tumors showed an opposite behavior: They tended to be far from TSS and CpG islands and closer to LINEs (Fig. 2B) .
Next, we investigated the enrichment of transcription factor binding motifs in the different groups of Alu repeats according to its methylation profile. Compared with the NSUMA virtual universe, the flanking regions (500 bp each side) of Alu elements unmethylated in all tissues showed the highest motif enrichment (six factors) (Fig. 2C) . Alu repeats unmethylated in normal colon and blood also showed enrichment of three transcription factors in the flanking regions, one shared by blood and colon (ZFX) and the other two specific of each tissue type. Interestingly, the CEBPA (CCAAT/enhancer-binding protein alpha) binding motif was present inside the Alu sequence in >50% of Alu repeats unmethylated in blood (115 of 206) but absent from those unmethylated in normal colon (0 of 243).
Copy number analysis using noncanonical NSUMA reads
In parallel to canonical amplicons containing a SmaI DNA methylation sensitive target, NSUMA will also competitively amplify DNA fragments flanked by two MseI sites (TTAA), irrespective of the DNA methylation status (Supplemental Fig. S2) . Indeed, the amplification dynamics of noncanonical fragments should be similar to the DNA fingerprinting technique arbitrarily primed PCR successfully used to determine copy number variation in cancer (Perucho et al. 1995) . Therefore, we analyzed the enrichment of noncanonical reads along the genome in 100-kb windows by applying computational tools developed for comparative genomic hybridization (CGH) (Supplemental Material and Methods). To evaluate the feasibility of this approach, we compared the noncanonical NSUMA copy number analysis with data generated by conventional array CGH (Supplemental Material and Methods) in the three colon tumors and their paired normal tissues as well as the HCT116 and DKO cell lines. Complex copy number variants were found with both techniques in all analyzed tumors (Supplemental Data 4). Noteworthily, the noncanonical NSUMA amplicons reproduced the gains and losses profiles of array CGH with striking accuracy, even when the changes affected regions of <1 Mb (Supplemental Fig. S19) .
Two important observations must be underscored from the analysis of canonical and noncanonical amplicons in the NSUMA. First, chromosomal profiles reflecting variation in DNA methylation and copy number are mutually independent (Supplemental Fig. S19) . Second, the overall proportion of noncanonical versus canonical reads reflects the global methylation of the sample. For instance, the noncanonical/canonical ratio is ∼10-fold in blood DNA (with heavy global DNA methylation), whereas this ratio is reduced to threefold in the highly demethylated cell line DKO (Supplemental Table S2 ).
Hypomethylated Alu repeats are clustered in specific chromosomal regions
Plotting of Alu DMR in the UCSC Genome Browser (Supplemental Data 5) revealed a clear clustering of hypomethylated Alu repeats with similar profiles in the three tumors and the HCT116 cell line ( Fig. 3A; Supplemental Fig. S19) . A circular binary segmentation algorithm (Olshen et al. 2004 ) was applied to identify hypomethylated genomic compartments (Fig. 3B) . The colon tumors and the HCT116 colon cancer cell line showed a bimodal distribution of the segments according to the Alu mean DMR, and a cutoff value was set at the pit (0.8 for tumors and 1.0 for the HCT116 cell line) (Fig. 3C) . Segments with an Alu mean DMR below the pit were considered hypomethylated Alu regions (HMAR) (Fig. 3B) . The number of HMARs ranged from 28 in tumor 369T to 498 in HCT116 cells and spanned from 5% (138 Mbp in tumor 369T) to 30% (873 Mbp in tumor 557T) of the genome. The shared burden of HMARs (HCT116 and colon tumors) consisted of 325 Mb scattered in 203 regions with a mean size of 1.6 Mb (Supplemental Table S8 ; Supplemental Data 6).
Four additional colon cancer cell lines were also analyzed by NSUMA to confirm the genome compartmentalization based on Alu hypomethylation profiles (Fig. 3B ). All the cell lines presented a bimodal distribution of the genomic segments, with HMARs spanning from 14% of the genome in SW480 cells, 30% in HCT116, HT29, and LoVo, and up to 50% in CaCo-2 cells (Supplemental Fig. S20 ). Notably, a moderate hypomethylation also affected Alu repeats outside HMARs, especially in HT29, CaCo-2, and LoVo cells. This global hypomethylation was not observed in HCT116 cells (Alu mean DMR in segments outside HMARs was 0) and the SW480 cell line, whose genome was largely hypermethylated (Supplemental Fig. S20 ). Normal colon and whole blood DNA profiles did not show regional differences ( Fig.  1D ; Supplemental Table S5 ; Supplemental Fig. S13B ).
HMARs were also identified in the three normal-colon carcinoma pairs analyzed by WGBS in a previous study (Hansen et al. 2011) . Only Alu elements with at least three informative CpGs in all the samples were included in the analysis (n = 117,779) (Supplemental Data 7). The combined analysis of the three carcinomas (treated as biological replicates) resulted in 192 HMARs (Supplemental Table S9 ; Supplemental Fig. S20 ). Although the samples analyzed by NSUMA and WGBS were different and the overlap of Alu repeats analyzed by each technique was very small (<10%, see above), the profiles and the regions identified by both techniques were highly consistent ( Fig. 3; Supplemental  Fig. S21A ). The distribution of Alu mean DM in the tumors analyzed by WGBS was also bimodal and similar to the ones obtained by NSUMA (Fig. 3C) . We could also identify 22 chromosomal segments with Alu DM close to 0 (≥ −0.05) in the three tumors and were considered as stable Alu methylation regions (SMAR) (Supplemental Table S9 ).
Notably, 97% of the HMARs shared by HCT116 and colon cancers analyzed by NSUMA overlapped with the large hypomethylated blocks (HB) obtained by WGBS (Supplemental Tables  S10, S11 ; Hansen et al. 2011) . Further analysis of the WGBS data allowed us to compare the differential methylation of other repeat elements inside and outside HMARs. Beyond the parallelism of the hypomethylation profiles among the different types of elements, Alu repeats showed a less pronounced hypomethylation than LINEs and other repeats ( Fig. 3B; Supplemental Fig. S21 ). As expected, Alu DMR (measured by NSUMA) and Alu DM (measured by WGBS) showed consistent behaviors inside and outside HMARs (Supplemental Fig. S21C ). LINEs and other repeat elements located outside HMARs also showed hypomethylation, but at lesser extent than inside HMARs ( Fig. 3D; Supplemental  Fig. S21C) . Interestingly, the hypomethylation of Alu elements outside HMAR was very weak and comparable to the impact of hypermethylation, whereas LINE hypomethylation was not restricted to the HMARs and was also apparent in SMARs (Fig. 3D) .
Structural, spatial, and functional determinants of Alu hypomethylation
Next, we investigated the features associated with regional Alu hypomethylation. For the sake of simplicity, we applied the genomic segmentation resulting from the overlapping HMARs between HCT116 and the three colon tumors analyzed by NSUMA (Supplemental Table S8 ).
HMARs were depleted of genes, CpG islands, small nuclear RNAs and, interestingly, of Alu repeats themselves (Fig. 4A) . Other repeats as LINEs or MIR and noncoding RNAs showed no differential enrichment (Supplemental Fig. S22A ). HMARs identified in the tumors analyzed by WGBS displayed a similar distribution of the different genomic elements (Supplemental Fig. S22B) . Segmentation of the genome in bins of 100 kb demonstrated that Alu hypomethylation was restrained to regions with the lowest density of these elements (Fig. 4B) . Noteworthily, Alu DNA methylation stable domains (not hypomethylated in any tumor) presented the highest content of genes, Alu repeats, and CpG islands (Supplemental Fig. S22B ). Hypomethylated LINE regions (HMLR) showed similar trends, although the differences between the hypomethylated and the unchanged genomic compartments were less accentuated (Supplemental Fig. S22C ). LINE density did not appear to affect the degree of hypomethylation (Fig. 4B) .
A link between global DNA hypomethylation and chromosomal instability has been proposed in tumorigenesis (Eden et al. 2003; Rodriguez et al. 2006 ). Analysis of our data revealed a correlation between the extent of HMARs and the number of chromosomal losses and gains detected by CGH (Fig. 4C) . This correlation was also maintained when chromosomal alterations inside and outside HMARs were considered separately (Fig. 4D ), which suggests a global, rather than local, relationship between genetic and epigenetic instabilities.
We also compared the Alu hypomethylation landscapes with histone modification profiles of colonic mucosa produced by the Roadmap Epigenomics Consortium (2015) . As shown in Figure  5A , HMARs were enriched in silent chromatin marks (H3K9me3 and H3K27me3) and depleted of active chromatin marks (H3K4me1, H3K4me3, H3K27ac, H3K9ac, and H3K36me3). We could also observe the circumscription of Alu hypomethylation to chromosomal regions attached to the nuclear lamina ( Fig. 5B ; Guelen et al. 2008) , which is consistent with the reported association of long-range hypomethylation and nuclear lamina domains (Berman et al. 2012) .
Next, we analyzed the distribution of DNA hypomethylation in relation to DNA replication dynamics (Hansen et al. 2009; Ryba et al. 2010 Ryba et al. , 2011 . A global concordance between hypomethylated domains and late replication was clear ( Fig. 5B; Supplemental Fig.  S23 ). Noteworthily, Alu repeats located in early replication domains appeared to be very resistant to tumor hypomethylation, whereas LINEs showed a bimodal distribution (Fig. 5C, left) , (Fig. 5C, right) .
Transcriptional activity of Alu methylation landscapes
Finally, we explored the impact of DNA methylation and other genomic features on the transcriptional activity of Alu repeats. Two biological replicates of messenger RNA extracted from HCT116 cells were sequenced using paired-end RNA-seq (Supplemental Methods). About 1 million reads representing 0.7% of all unambiguously mapped reads in each replicate overlapped with Alu sequences. Eighteen percent of the 1.1 million Alu repeats were found with at least one read in both replicates. DNA methylation information generated by reduced representation bisulfite sequencing (RRBS) was available for a subset of 9339 Alu repeats (Supplemental Methods; Supplemental Data 8). Parallel analyses were performed with both the RRBS subset and all the Alu repeats, and despite that the genomic fraction covered by RRBS is not representative of the whole genome, similar trends were observed as shown below.
The expression levels of the gene nearest to the Alu appeared as the main determinant of Alu expression ( Fig. 6A; Supplemental Fig.  S24 ; Supplemental Table S13 ). Intragenic location and low 
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Cold Spring Harbor Laboratory Press on February 20, 2018 -Published by genome.cshlp.org Downloaded from methylation were also associated with higher Alu expression although a broad variability was observed ( Fig. 6A ; Supplemental Fig. S24 ). Next, we investigated the relationship between the Alu expression levels and DNA methylation status with chromatin functional states annotated using epigenetic signatures (Ernst and Kellis 2010) . Highly expressed Alu repeats as well as lowly methylated ones were enriched in active chromatin states, especially in promoters and enhancers, although lowly methylated Alu repeats also showed an increased rate of CTCF insulator states ( Fig. 6B; Supplemental Fig.  S25 ).
Another important determinant of Alu expression was the location inside/ outside HMARs. Most Alu repeats located in HMARs were silenced, and the few ones with transcriptional activity (10% versus 44% outside HMAR) were expressed at very low levels (about fourfold lower than outside HMAR) ( Fig. 6C ; Supplemental Tables S14, S15). Similar differences were observed at the gene expression level, with the highest transcriptional activity outside HMARs (Fig. 6C) . Regarding DNA methylation, Alu repeats showed slightly different behaviors inside and outside HMAR: Lower levels of methylation were observed in nonexpressed and lowly expressed Alu sequences inside HMAR, whereas highly expressed Alu elements were more methylated with levels similar to those found outside HMAR (Supplemental Table  S14 ). Combined analysis of Alu expression in regard to DNA methylation, expression of the nearest gene, and HMAR location (Fig. 6D) showed that Alu repeats inside HMAR are strongly repressed independently of the expression levels of the associated gene.
Discussion Technical considerations
Besides the common methylated state of Alu repeats and the well-established global demethylation in cancer and aging (Esteller 2008; Ehrlich 2009 ), multiple studies have unveiled physiological and pathological irregularities in the methylation pattern of specific Alu elements (Hellmann-Blumberg et al. 1993; Brohede and Rand 2006; Rodriguez et al. 2008b; Rand and Molloy 2010; Luo et al. 2014) . There is a vast repertoire of methodologies to analyze DNA methylation (Esteller 2007; Beck 2010; Gu et al. 2010; Jordà and Peinado 2010; Laird 2010; Stirzaker et al. 2014) , and different approaches have been used to make bulk estimates of methylation in repetitive elements (Yang et al. 2004; Weisenberger et al. 2005; Choi et al. 2007; Jintaridth and Mutirangura 2010; Xiang et al. 2010; Wu et al. 2011; Yoshida et al. 2011; Gilson and Horard 2012; Buj et al. 2016) . Nevertheless, analysis of repeated sequences remains a challenge in next-generation sequencing approaches (Treangen and Salzberg 2012) , and there is still a lack of screening strategies that specifically allow a feasible and consistent identification of DNA methylation states in individualized repeat elements. Moreover, Alu elements pose special difficulties in bisulfite-treated Hansen et al. 2011) .
A few methods allow the individualized analysis of DNA methylation in Alu repeats at genome scale by applying massive sequencing to bisulfite and/or enzyme treated DNA (Lister et al. 2009; Xie et al. 2009 Xie et al. , 2010 Edwards et al. 2010; Bakshi et al. 2016) . These approaches offer interesting alternatives and complementary features to profile the DNA methylation landscape of Alu repeats, although they also present technical and computational constraints precluding a broad applicability. To deal with these limitations, we developed NSUMA, a simple and efficient methodology to uncover unmethylated Alu sequences at the genome scale. NSUMA requires low amounts of biological material, library preparation and sequencing are performed with standard methods and sequencing settings (e.g., no need of long reads, low number of reads to get an acceptable coverage), and simple computational analysis (e.g., conventional mapping, internal normalization, and direct calculation of differential representation among samples).
The main advantages of NSUMA lie in the reduction of complexity of the sample (by biasing the amplification and thus overrepresenting unmethylated Alu repeats) and the unique mapping facilitated by the Alu flanking DNA sequence present in most amplicons. NSUMA represents a >100-fold reduction in the sequencing cost compared with a WGBS offering a similar number of informative Alu elements (approximately 120,000) (Supplemental Table S12 ). A broader coverage of Alu repeats (up to fourfold) might be achieved by using the methylation sensitive restriction enzyme HpaII (CCGG) instead of SmaI. Nevertheless, the overall efficiency of the approach would be drastically diminished due to the increased presence of non-Alu sequences (up to 68% against just 6% with the current design) (see Table 1 , in Buj et al. 2016) and an important raise of multimapping short reads that could not be used for differential methylation assessment. Other approaches, as the use of alternative upstream and downstream PCR primers targeting the Alu consensus SmaI sequence (Rodriguez et al. 2008b) , may also expand the coverage up to 180,000 Alu repeats, but the presence of non-Alu elements in the canonical NSUMA would be also significantly increased.
In spite of the strong bias for Alu elements, a small subset of other repeats and unique sequences are also represented in NSUMA, allowing a relative estimate of overall methylation. In particular, we have taken advantage of the presence of CpG islands to normalize the data among samples using the subset with a stable unmethylated state. Another important feature of NSUMA is the coamplification of a large number of MseI-MseI fragments independently of the methylation status. The competitive nature of the reaction results in a copy-number relative representation of these amplicons. The sensitive genome-wide profiles of losses and gains provided by NSUMA are equivalent to those obtained in array-CGH. This information is especially useful when analyzing tumor samples, as chromosomal alterations are a common feature of most cancers and may affect the interpretation of epigenetic changes.
Individual features of unmethylated Alu repeats and functional insights
A few studies have analyzed Alu DNA methylation in different tissues applying different techniques. The rates of unmethylated Alu elements in nontumor tissues range from 1% to 5% (Rodriguez et al. 2008b; Xie et al. 2009 Xie et al. , 2010 Molaro et al. 2011) , in agreement with our estimations in blood and normal colon. The low number of cases analyzed and the poor overlap between studies preclude direct comparisons and a robust classification of elements based on the methylation variability. On the other side, the finding of 225 elements that were unmethylated in all analyzed samples is highly suggestive of a steady mechanism to maintain this epigenetic state and warrants future studies to reveal the potential function of each one of these elements.
Inter-individual and inter-tissue differences were also observed. Several authors have proposed that Alu elements may act as a large reservoir of functional complexity, constituting alternative mechanisms involved in the assembly and evolution of regulatory networks. Acquired regulatory properties of Alu repeats include the generation of novel transcription factor binding sites, transcriptional regulation of some novel miRNAs, alternative splicing, and gene silencing, among others (Cordaux and Batzer 2009; Keren et al. 2010; Ichiyanagi 2013; Luo et al. 2014) .
Nonetheless, and conforming to Sydney Brenner's reasoning about "junk" DNA (Brenner 2009 ), it is not unreasonable to claim that the massive regulatory potential of more than 1 million Alu elements of the haploid human genome is, and will be, largely latent. Integrative epigenomic analysis has shown the abundance of lowly methylated Alu repeats within active promoters compared to those in weak and poised promoters . Moreover, a minority of Alu elements display signs of intrinsic functionality including the presence of activating histone modifications and a DNA unmethylated state (Rodriguez et al. 2008b; Saito et al. 2009; Edwards et al. 2010; Yoshida et al. 2011; Ward et al. 2013; Xie et al. 2013; Su et al. 2014) . The presence of diverse transcription factor binding motifs in Alu sequences is common (Ruiz-Narváez and Campos 2008; Cui et al. 2011; Deininger 2011 ), but motif occupancy appears to be constrained by DNA methylation (Wang et al. 2012; Medvedeva et al. 2014; Domcke et al. 2015; Maurano et al. 2015; Schübeler 2015) . Hence, hypomethylation of Alu repeats might enable the binding of transcription and epigenetic factors affecting gene activity and genomic architecture in both normal and cancer cells. Noteworthily, a recent study has provided experimental evidence that reactivation of the MIEN1 gene in prostate cancer is mediated by hypomethylation of an Alu element (Rajendiran et al. 2016) .
In line with these postulates, we confirm here that unmethylated Alu repeats show structural and epigenetic traits consistent with functional states (e.g., proximity to promoters and CpG islands, enrichment in active chromatin histone modifications, and TF binding sites). The presence of certain epigenetic features (i.e., enhancer marks) in a specific Alu element are not compelling enough to attribute functional properties per se, and purposeful studies focused in individual repeats are needed. We are currently investigating the contribution of certain Alu repeats exhibiting dynamic DNA methylation to the modulation of genomic structure and expression of the neighboring gene.
Alu-related determinants of global genomic hypomethylation and compartmentalization in cancer
Our data provide a global overview of the methylation dynamics of Alu repeats and delineate the epigenetic landscape of chromatin states and genome compartmentalization of normal and cancer cells (Fig. 7) . The hypomethylated domains detected by NSUMA were highly concordant with WGBS results, reinforcing the robustness of the approach. Colorectal cancer and cancers in general display a deregulated common genomic scenario with focal hypermethylation and large hypomethylated blocks (Hansen et al. 2011; Berman et al. 2012; Timp et al. 2014) .
Notably, the associations of the hypomethylated regions with lamina-associated domains (Berman et al. 2012 ) and late replication timing (Fig. 5) indicate a key role of chromatin organization in the maintenance of methylation states. Classically, repeat sequences have been pointed to as main contributors to the burden of DNA hypomethylation in cancer (Ehrlich 2009 ). Unexpectedly, and in contraposition to other repeat elements as LINEs or MIRs, our study demonstrates the relative low contribution of Alu repeats to global hypomethylation. Indeed, Alu-rich regions retained high methylation levels in cancer cells, whereas hypomethylated blocks showed low Alu density (Fig. 3D) . Incidentally, a recent study has shown Alu mediated protection of DNA methylation in placenta, a hypomethylated organ compared to somatic tissues (Chatterjee et al. 2016) .
Here, we propose that Alu repeats might act as epigenetic keepers of sensitive regions. Alu repeats may play a role in chromatin interactions and could contribute to the establishment and maintenance of genomic architecture (Gu et al. 2016) . Indeed, Rollins et al. reported that Alu repeats are largely excluded from unmethylated domains, but tend to occupy the boundaries of these domains (Rollins et al. 2006; Edwards et al. 2010) . The presence of variably methylated Alu elements near promoters might indicate boundary plasticity ensuing changes in chromatin accessibility and transcription factor binding regulation (Domcke et al. 2015; Elliott et al. 2015; Maurano et al. 2015; Schübeler 2015) . In this regard, it has been shown that most DNA methylation changes associated with development and cancer do not occur in CpG islands, but rather in sequences up to 2-kb away, which were termed CpG island shores (Doi et al. 2009; Irizarry et al. 2009 ). A recent study has shown that hypomethylated CpG islands create sloping CpG island shores (Grandi et al. 2015) . Interestingly, Alu elements tend to be excluded from promoter regions but are enriched in nearby regions, including CpG island shores. We hypothesize that the epigenetic status of Alu repeats may contribute to set the boundaries of CpG island shores and other regions participating actively in gene regulation.
Besides the large blocks of DNA hypomethylation (Hansen et al. 2011; Berman et al. 2012; Hon et al. 2012; Timp et al. 2014 ) and hypermethylation Coolen et al. 2010; Forn et al. 2013) , other alterations as the activation of gene clusters (Bert et al. 2013 ) and the increased somatic mutation rates observed in heterochromatic and late replicating regions (Schuster-Böckler and Lehner 2012; Polak et al. 2015) point out that factors regulating high-order chromatin architecture (Dekker et al. 2013; Gómez-Díaz and Corces 2014; Feinberg et al. 2016) might play a principal role in the remodeling of the cancer genome (Rodriguez et al. 2008a; Lizardi et al. 2011; Kemp et al. 2014; Lay et al. 2015; Taberlay et al. 2016) . The contribution of Alu repeats to the setting and maintenance of chromatin domains and their regulation in normal and cancer cells is still unknown. Taking into account their unique features and current data, future studies should investigate their role at both the local and global levels.
Epigenetic and functional features of transcribed Alu repeats
Although multiple evidences have pointed out the impact of Alu expression in gene regulation (Cordaux and Batzer 2009; Keren et al. 2010; Ichiyanagi 2013; Luo et al. 2014) , most transcriptomic analyses often disregard the presence of Alu and other repeat elements in RNA-seq reads. Our genome-scale survey of Alu transcription indicates that a large number of Alu elements (about 200,000) were present in the transcriptome; nevertheless, the expression levels of most of them were extremely low (Supplemental Table  S13 ), which may partly explain the poor interest they raise. Our preliminary survey exposes global features of Alu transcriptional activity, including its association with the expression levels of the nearest gene, the genomic location, and the epigenetic signatures.
Alu expression contribution to genome regulation involves multiple mechanisms, and different approaches have been used to study it, including the analysis of RNA polymerase III activity, retrotransposition, noncoding RNAs, Alu mediated adenosine to inosine (A-to-I) RNA editing, and exonization among others (Oler et al. 2012; Daniel et al. 2015; Tajnik et al. 2015; Varshney et al. 2015; Klawitter et al. 2016; Lin et al. 2016; Moráles-Hernandez et al. 2016; Nishikura 2016) . Therefore, unveiling the specific contribution of each element to genome regulation requires targeted customized studies.
We expect a new generation of important genomic regulators with a direct involvement of Alu repeats and other noncoding elements will be discovered in the coming years. Nevertheless, a note of caution must be sounded about extrapolating individual observations: For a large subset of Alu repeats, expression may just indicate passenger activation related with regional transcriptional activity and without any functional impact.
Final considerations
In addition to the important role of Alu repeats configuring the epigenomic landscape by determining nucleosome positioning (Englander and Howard 1995; Salih et al. 2008 ) and genome (Rollins et al. 2006; Edwards et al. 2010 ), a growing number of papers underscore the direct contribution of Alu repeats in gene regulation and as a source of transcriptional plasticity (Jasinska and Krzyzosiak 2004; Häsler and Strub 2006; Cordaux and Batzer 2009; Su et al. 2014) . Despite this, most studies addressed to explore the regulatory complexity of cell processes devote little or no attention at all to these elements. This is explained by pragmatic and technical constraints: Just a fraction of these elements are likely to have a specific functional role, and their repeat nature impairs their individualized analysis. The feasibility of identifying repeat elements as unique loci and characterizing their epigenetic signatures offers an opportunity to illuminate the specific contribution of these elements to genomic organization and the dynamic regulation of cell programs. The identification of the unmethylated Alu repeats by NSUMA provides a cost-effective resource of candidate regulatory elements and sets the starting line in a quest for the mechanisms and functional consequences of epigenetic diversity.
Methods Samples
Three colorectal tumors and their paired nonadjacent normal colonic mucosa as well as the corresponding whole blood DNA were used in this analysis. Samples were obtained from the Hospital Germans Trias i Pujol following a protocol approved by the Local Ethics Committee (Ref. . Human colon cancer cell lines were obtained and cultured as described in Supplemental Material.
Next-generation sequencing of unmethylated Alu repeats (NSUMA)
Briefly, 1 μg of genomic DNA was double digested with the methylation-sensitive restriction endonuclease SmaI (CCC/GGG) and MseI (T/TAA). The fragments were ligated to blunt (SmaI-ends) and sticky (MseI-ends) adapters, PCR amplified using primers specific of each adapter, and with additional nucleotides at the 3 ′ end to enrich for Alu elements ( Fig. 1A; Supplemental Fig. S1 ). Sequencing libraries were generated using standard procedures and ran on an Illumina Genome Analyzer IIx or a HiSeq 2000 (Supplemental Methods).
RNA sequencing
Poly(A) + messenger RNA was obtained from two independent cultures of the HCT116 cell line and sequenced separately using paired-end RNA-seq using standard Illumina protocols (Supplemental Methods).
Data analysis summary
An overview of data processing is shown in Supplemental Figure  S2 , and a more detailed description is provided in Supplemental Methods. Briefly, only reads mapping unambiguously to the human reference genome (NCBI build 37/hg19) were considered. This reference genome was chosen based on the rich availability of functionally relevant data (used in our study) compared with the NCBI GRCh38 build at the time of the analysis. Moreover, our analyses consisted of direct comparisons between samples of amplicon representation, which are unaffected by the specific genome assembly. Therefore, using the NCBI GRCh38 genome assembly instead of GRCh37 would not significantly affect our conclusions. Each read was assigned to a canonical amplicon as determined in a virtual NSUMA universe based on hg19 sequence (regions flanked by the restriction sites plus primer extended nucleotides). Differential methylation in every canonical amplicon was determined based in the number of reads mapping in each amplicon after normalization. DESeq R package (Anders and Huber 2010) was used for differential representation analysis. Regional differential methylation and copy number variation were determined using the DNAcopy R package (Venkatraman and Olshen 2007) . RNA-seq data was mapped using TopHat2 (Kim et al. 2013 ) and summarized using featureCounts from the subread package.
